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COMPUTER SIMULATION OF AIRCRAFT AERODYNAMICS 

Mamoru Inouye  

A m e s  Research C e n t e r  

SUMMARY 

The  r o l e  of  A m e s  R e s e a r c h  C e n t e r  i n  c o n d u c t i n g  basic ae rodynamics  
r e s e a r c h  t h r o u g h  computer  s i m u l a t i o n s  is described. The computer  
f a c i l i t i e s ,  i n c l u d i n g  s u p e r c o m p u t e r s  and p e r i p h e r a l  equ ipmen t ,  
r e p r e s e n t  t h e  s t a t e  o f  t h e  a r t .  The methodology of c o m p u t a t i o n a l  
f l u i d  dynamics  is e x p l a i n e d  b r i e f l y .  Fundamenta l  s t u d i e s  of t u r -  
b u l e n c e  and t r a n s i t i o n  a re  b e i n g  p u r s u e d  t o  u n d e r s t a n d  t h e s e  
phenomena and t o  d e v e l o p  models  t h a t  can be used  i n  t h e  s o l u t i o n  
o f  t h e  Reynolds-averaged  Nav ie r -S tokes  e q u a t i o n s .  Four  a p p l i c a -  
t i o n s  o f  c o m p u t e r  s i m u l a t i o n s  f o r  a e r o d y n a m i c s  p r o b l e m s  a r e  
described: s u b s o n i c  f l o w  around a f u s e l a g e  a t  h i g h  a n g l e  o f  a t -  
t a c k ,  s u b s o n i c  f low t h r o u g h  a t u r b i n e  s t a t o r - r o t o r  s t a g e ,  t r a n -  
s o n i c  f l o w  a r o u n d  a f l e x i b l e  s w e p t  w i n g ,  and t r a n s o n i c  f l o w  
around a wing-body c o n f i g u r a t i o n  t h a t  i n c l u d e s  an  i n l e t  and a 
t a i l .  

I NTROD UCT I ON 

S i n c e  t h e  i n t r o d u c t i o n  of  j e t  a i r c r a f t  t o  r e g u l a r  commerc ia l  
s e r v i c e  30 y e a r s  a g o ,  t h e  w o r l d ' s  f l e e t  h a s  grown t o  ove r  7 , 0 0 0  
a i r p l a n e s .  Al though t h e  Uni ted  S t a t e s  market share has  e roded  
o v e r  t h e  y e a r s ,  most  of t h e s e  a i r c r a f t  were manufac tu red  i n  t h e  
U n i t e d  S t a t e s .  N e w  a i r c r a f t  a r e  needed  now t o  r e p l a c e  a g i n g  
a i r f r a m e s ,  t o  comply w i t h  noise r e s t r i c t i o n s ,  and t o  improve 
o p e r a t i n g  e f f i c i e n c i e s .  M a n u f a c t u r e r s  p l a n  t o  b u i l d  o v e r  8 ,000 
new a i r c r a f t  d u r i n g  t h e  n e x t  1 5  years .  One of N A S A ' s  o b j e c t i v e s  
is t o  p r o v i d e  t h e  a i r c r a f t  i n d u s t r y  w i t h  t h e  basic  t e c h n o l o g y  re- 
q u i r e d  t o  d e s i g n  new a i r c r a f t  t h a t  will m a i n t a i n  t h e  c o u n t r y ' s  
p reeminence  i n  t h e  world marketplace. 

COMPUTER F AC I L I  TIES 

A m e s  R e s e a r c h  C e n t e r  h a s  two computer  f a c i l i t i e s  a v a i l a b l e  
f o r  t h e  s i m u l a t i o n  o f  a i r c r a f t  ae rodynamics .  The C e n t r a l  Comput- 
i n g  F a c i l i t y  s e r v e s  t h e  g e n e r a l  research n e e d s  of t h e  C e n t e r  w i t h  
a C r a y  Y-MP/832 s u p e r c o m p u t e r .  The N u m e r i c a l  A e r o d y n a m i c  
S i m u l a t i o n  (NAS)  f a c i l i t y  p r o v i d e s  a c o m p u t a t i o n a l  c a p a b i l i t y  t o  
t h e  whole c o u n t r y ,  i n c l u d i n g  researchers i n  i n d u s t r y ,  u n i v e r -  
s i t i es  and government  a g e n c i e s .  The  h igh-speed  p r o c e s s o r s  i n  t h e  
N A S  f a c i l i t y  a r e  c u r r e n t l y  a C r a y - 2  and  a C r a y  Y-MP/832. 
T h i r t y - f i v e  s c i e n t i f i c  w o r k s t a t i o n s  are d i s t r i b u t e d  among u s e r s  
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The most commonly used  t u r b u l e n c e  model is t h e  Baldwin-Lomax 
a l g e b r a i c  eddy v i s c o s i t y  model ( R e f .  l), which w o r k s  w e l l  f o r  
f l o w s  w i t h  l i t t l e  o r  n o  s e p a r a t i o n .  Improved models  are  n e c e s -  
s a r y  f o r  f l o w s  w i t h  l a r g e  s e p a r a t e d  r e g i o n s  and s teep p r e s s u r e  
g r a d i e n t s .  Computer s i m u l a t i o n  of t u r b u l e n c e  is b e i n g  used  t o  
s t u d y  t h e  d e t a i l e d  s t r u c t u r e  f o r  t h e  purpose of d e v e l o p i n g  n e /  
t u r b u l e n c e  models .  S p a l a r t  ( R e f .  2 )  r e c e n t l y  pe r fo rmed  d i r e c t  
s i m u l a t i o n s  o f  a t u r b u l e n t  boundary  l a y e r  on a f l a t  p l a t e  f o r  
Reyno lds  numbers ,  R e e ,  b a s e d  on momentum t h i c k n e s s ,  u p  t o  1 4 1 0 .  
The d e t a i l e d  q u a l i t y  o f  t h e  c a l c u l a t i o n s  may b e  o b s e r v e d  i n  t h e  
v o r t i c i t y  c o n t o u r s  shown i n  F i g .  1. 

a t  t h e  C e n t e r ;  o t h e r  w o r k s t a t i o n s  a re  d i s t r i b u t e d  a r o u n d  t h e  
c o u n t r y .  The  c o m p l e t e  s y s t e m  i n c l u d e s  mass s t o r a g e ,  s u p p o r t  
p r o c e s s i n g ,  and l o n g - h a u l  communica t ions  s u b s y s t e m s  c o n n e c t e d  by  
a h igh-speed  d a t a  n e t w o r k .  T h e  l ong- t e rm g o a l  is t o  replace t h e  
h igh-speed  p r o c e s s o r s  p e r i o d i c a l l y  w i t h  t h e  f a s t e s t  a v a i l a b l e  s u -  
p e r c o m p u t e r s .  

COMPUTATIONAL F L U I D  DYNAMICS 

The N a v i e r - S t o k e s  e q u a t i o n s  which d e s c r i b e  t h e  b e h a v i o r  of 
v i s c o u s  f l o w s  have  b e e n  known f o r  o v e r  1 5 0  y e a r s .  C o m p u t a t i o n a l  
f l u i d  dynamics  is t h e  r e l a t i v e l y  new f i e l d  i n  which t h e s e  p a r t i a l  
d i f f e r e n t i a l  e q u a t i o n s  a r e  s o l v e d  u s i n g  h igh-speed  c o m p u t e r s .  
T h e  f low f i e l d ,  i n c l u d i n g  any  s o l i d  b o d i e s  or b o u n d a r i e s ,  is en-  
c a s e d  w i t h i n  a g r i d  of mesh p o i n t s .  D i f f e r e n c e  methods are  t h e n  
used  t o  s o i v e  t h e  f l o w  p rope r t i e s  f o r  t h e  s p e c i f i e d  boundary  and 
i n  i t  i a l  cond i t  i o n s .  

TURBULENCE 

N e a r l y  a l l  p r a c t i c a l  a e r o d y n a m i c s  p r o b l e m s  i n v o l v e  t u r b u l e n t  
f l o w  n e a r  sur faces  and i n  wake r e g i o n s .  The c o m b i n a t i o n  of t h e  
f i n e  g r i d  r e q u i r e d  t o  r e s o l v e  t h e  t u r b u l e n c e  and t h e  p r o c e s s i n g  
s p e e d  r e q u i r e d  t o  p e r f o r m  t h e  c a l c u l a t i o n s  r u l e s  o u t  e x a c t  s o l u -  
t i o n s  of t h e  N a v i e r - S t o k e s  e q u a t i o n s  f o r  complex c o n f i g u r a t i o n s .  
I n  o r d e r  t o  o b t a i n  s o l u t i o n s ,  t h e  t u r b u l e n c e  terms a re  t i m e -  
a v e r a g e d  and approx ima ted  w i t h  empirical  mode l s .  

APPLICATIONS 

C u r r e n t  c a p a b i l i t i e s  f o r  compute r  s i m u l a t i o n  o f  ae rodynamics  
p r o b l e m s  a re  d e m o n s t r a t e d  by t h e  f o l l o w i n g  a p p l i c a t i o n s  made by 
inenibers of t h e  A m e s  App l i ed  C o m p u t a t i o n a l  F l u i d s  Branch .  The 
e q u a t i o n s  s o l v e d  are  u s u a l l y  t h e  t h i n - l a y e r ,  Reynolds-averaged  
N a v i e r - S t o k e s  e q u a t i o n s ,  and t h e  Baldwin-Lomax model is used  f o r  
t u r b u l e n t  f l o w .  
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F i g .  1 V o r t i c i t y  c o n t o u r s  on f l a t  p l a t e ,  R e o  = 1410 (Ref .  2 )  

t f o r e b o d v  

Subson ic  f l o w  around a s l e n d e r  f u s e l a g e  a t  a h i g h  a n g l e  o f  
a t t a c k  was c a l c u l a t e d  by S c h i f f ,  Cummings,  S o r e n s o n ,  a n d  
Rizk ( R e f .  3) t o  s t u d y  t h e  v o r t i c a l  f l o w  on t h e  l eeward  s i d e ,  
which a f f e c t s  t h e  m a n e u v e r a b i l i t y  o f  t h e  a i r c r a f t .  A c l o s e u p  of 
t h e  two-block g r i d  is shown i n  F i g .  2; t h e  i n t e r f a c e  is l o c a t e d  
a t  t h e  b e g i n n i n g  o f  t h e  wing l e a d i n g - e d g e  e x t e n s i o n  (LEX). The 
a f t  b l o c k  h a s  a l a r g e r  number o f  c i r c u m f e r e n t i a l  p o i n t s  t o  d e f i n e  
t h e  LEX. N e a r l y  a q u a r t e r  o f  a m i l l i o n  g r i d  p o i n t s  were u s e d .  

F i g .  2 Two-block g r i d  a round 
a i r c r a f t  f o r e b o d y  
( R e f .  3) 

F i g .  3 S u r f a c e  f l o w  p a t t e r n  on 
a i r c r a f t  f o r  ebod y 
( R e f .  3) 

The s u r f a c e  flow p a t t e r n  is shown i n  F i g .  3 f o r  M, = 0.2 ,  
a = 30°, and p y n o l d s  number based  on mean aerodynamic  c h o r d ,  

R e c  = 11.5 x 1 0  . The p r i m a r y  and s e c o n d a r y  s e p a r a t i o n  l i n e s  on 
t h e  f o r e b o d y  and t h e  s e c o n d a r y  c r o s s f l o w  s e p a r a t i o n  l i n e  on t h e  
LEX are i n  good ag reemen t  w i t h  f l i g h t - t e s t  d a t a .  ' 

S u b s o n i c  f l o w  t h r o u g h  a t u r b i n e  s t a t o r - r o t o r  s t a g e  was cal-  



c u l a t e d  by R a i  ( R e f .  4 )  t o  u n d e r s t a n d  t h e  f low processes i n  o r d e r  
t o  d e s i g n  more e f f i c i e n t  t u r b o m a c h i n e r y .  A p a t c h e d - g r i d  s y s t e m  
was used  w i t h  t h e  g r i d  a b o u t  t h e  r o t o r  moving r e l a t i v e  t o  t h e  
g r i d  a b o u t  t h e  s t a t o r .  T h i s  is shown i n  F i g .  4 f o r  a midspan  
l o c a t i o n .  The  comple te  g e o m e t r y  i n c l u d e d  t h e  hub  a n d  o u t e r  
c a s i n g  w i t h  some t i p  c l e a r a n c e .  E q u a l  number o f  r o t o r  and s t a t o r  
b l a d e s  were used  t o  r e d u c e  t h e  c a l c u l a t i o n s  t o  one  r o t o r  and o n e  
s t a t o r  b l a d e .  The t o t a l  number o f  g r i d  p o i n t s  was 2 0 0 , 0 0 0 .  

ZONE 3 

ZONE 4 

F i g .  4 P a t c h e d  g r i d  a round  F i g .  5 I n s t a n t a n e o u s  p r e s s u r e  
s t a t o r  and r o t o r  a t  c o n t o u r s  a t  midspan 
midspan ( R e f .  4 )  ( R e f .  4 )  

C a l c u l a t i o n s  were p e r f o r m e d  f o r  a n  i n l e t  Mach n u m b e r ,  
M i  = 0.07, and R e  = l o 5  per i n c h .  I n s t a n t a n e o u s  p r e s s u r e  con-  
t o u r s  a t  midspan are  shown i n  F i g .  5. 

T r a n s o n i c  f low a round  a f l e x i b l e  swept wing was c a l c u l a t e .  
b y  Guruswamy ( R e f s .  5'6) t o  d e m o n s t r a t e  t h e  c o u p l i n g  be tween t h e  
v o r t i c a l  f low and t h e  wing d e f o r m a t i o n .  The u n s t e a d y  Nav ie r -  
S t o k e s  e q u a t i o n s  were s o l v e d  s i m u l t a n e o u s l y  w i t h  t h e  s t r u c t u r a l  
e q u a t i o n s  of mot ion .  A new g r i d  was g e n e r a t e d  a t  e a c h  t i m e  s t ep  
t o  c o n f o r m  w i t h  t h e  d e f o r m e d  w i n g .  The i n i t i a l  and d e f o r m e d  
g r i d s  a t  t h e  50% semispan  a i r f o i l  s e c t i o n  are  shown i n  F i g .  6. 

C a l c u l a t i o n s  were performed f o r  ramp mot ion  of a r e c t a n g u l a r  
wing ,  u s i n g  a NACA 0015 a i r f o i l  s e c t i o n  w i t h  an  aspect r a t i o  of 4 
and a sweep a n g l e  o f  30'. The e f f e c t s  o f  f l e x i b i l i t y  on un- 
s t e a d y  l i f t  c o e f f i c i e n t s  a t  f o u r  s p a n  l o c a t i o n s  a r e  shown i n  F i  . 
7 f o r  M, = 0.5 ,  
and p i t c h i n g  r a t e  A = 0.1.  The h i g h e r  l i f t  f o r  t h e  f l e x i b l e  
wing is a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  a n g l e  of a t tack c a u s e d  by 
t h e  f l e x i b i l i t y .  

Reynolds  number b a s e d  on c h o r d ,  Re, = 2 x 1 0  % , 
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I 75% SEMISPAN 

F i g .  6 I n i t i a l  and deformed 
g r i d  a t  50% semispan  of 
f l e x i b l e  wing ( R e f .  5) 

Comple te  a i r c r a f t  
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F i g .  7 Uns teady  l i f t  c o e f f i -  
c i e n t  fo r  r i g i d  and 
f l e x i b l e  wing ( R e f .  6) 

T r a n s o n i c  f l o w  a round  a wing-body c o n f i g u r a t i o n ,  i n c l u d i n g  
an  i n l e t  and a t a i l ,  was c a l c u l a t e d  by  F l o r e s  and  C h a d e r j i a n  
( R e f .  7). The p u r p o s e  was t o  d e m o n s t r a t e  t h e  a b i l i t y  t o  c a l c u l a t e  
t r a n s o n i c  v i s c o u s  f l o w  o v e r  a complete a i r c r a f t .  The flow f i e l d  
was d i v i d e d  i n t o  27  z o n e s ,  d e t e r m i n e d  by  g e o m e t r i c a l  or  f l o w  con-  
d i t i o n s ,  f o r  a t o t a l  of h a l f  a m i l l i o n  g r i d  p o i n t s .  The s u r f a c e  
g r i d  c o v e r i n g  t h e  fo rward  p o r t i o n  o f  t h e  f u s e l a g e ,  i n c l u d i n g  t h e  
i n l e t  and wing ,  is shown i n  F i g .  8. 

Q = 6:. a n d  R e y n o l d s  number  
based on wing r o o t  c h o r d ,  Rec = 4.5 x 1 0  8 r e q u i r e d  25 h o u r s  fo r  
5 , 0 0 0  i t e r a t i o n s ,  u s i n g  o n e  processor of a C r a y  X-MP/48. P r e s -  
sure c o e f f i c i e n t s  on t h e  v e r t i c a l  t a i l  a t  t h r e e - q u a r t e r s  h e i g h t  
a r e  shown i n  F i g .  9 .  C o m p a r i s o n  w i t h  e x p e r i m e n t a l  r e s u l t s  
( R e f .  8) shows good a g r e e m e n t .  C a l c u l a t i o n s  f o r  t h e  wing and 
f u s e l a g e  w i t h o u t  t h e  t a i l  surfaces ( R e f .  9 )  a l s o  show good a g r e e -  
ment ( F i g .  1 0 ) .  

C o m p u t a t i o n s  f o r  M, = 0 . 9 ,  

5 
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F i g .  8 G r i d  f o r  f u s e l a g e  F i g .  9 P r e s s u r e  c o e f f i c i e n t  on 
f o r e b o d y  ( R e f .  7) v e r t i c a l  t a i l  ( R e f .  7 )  

a 

\ 

A 

\ 
\ \  

\ \ K l  

A V  
A 

\77 I 77 = 0-45 

d m i  
I -  

F i g .  1 0  P r e s s u r e  c o e f f i c i e n t  on wing and upper f u s e l a g e  center- 
l i n e  ( R e f .  9 )  
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CONCLUDING REMARKS 

Many c h a l l e n g e s  s t i l l  r e m a i n  i n  c o m p u t a t i o n a l  f l u i d  
dynamics .  S t e a d y - s t a t e  s o l u t i o n s  are  s o u g h t  u s i n g  t ime-dependen t  
methods  t h a t  r e q u i r e  t h o u s a n d s  of s teps  f o r  c o n v e r g e n c e .  The e f -  
f i c i e n c y  of n u m e r i c a l  methods m u s t  be improved t o  m a k e  t h e  b e s t  
u s e  of a v a i l a b l e  c o m p u t e r s .  N e w  t u r b u l e n c e  models  are  needed ;  
t h e  most commonly used  model-- the Baldwin-Lomax model-- is  o v e r  
t e n  y e a r s  o l d  and is i n a d e q u a t e  fo r  s e p a r a t e d  flows. S i n g l e -  
p r o c e s s o r  s u p e r c o m p u t e r s  are a p p r o a c h i n g  t h e i r  i n h e r e n t  perf or- 
mance l i m i t s ,  and mult iprocessors  o f f e r  a means fo r  i n c r e a s i n g  
p e r f o r m a n c e .  A l g o r i t h m s  and c o d e s  m u s t  be c o n s t r u c t e d  t o  take 
a d v a n t a g e  of t h e  supe rcompute r  a r c h i t e c t u r e .  F i n a l l y ,  ae rody-  
namics  must  b e  combined w i t h  o t h e r  aspects of a i r c r a f t  d e s i g n .  
S t r u c t u r e  and mater ia l s ,  c o n t r o l  and g u i d a n c e ,  and p r o p u l s i o n  
s y s t e m s  are e q u a l l y  i m p o r t a n t ,  and c o u p l i n g  be tween d i s c i p l i n e s  
w i l l  b e  r e q u i r e d  i n  f u t u r e  d e s i g n s .  
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